This article proposes a new energy harvesting concept that greatly enhances thermionic power generation with high efficiency by exploiting the nearfield enhancement of thermal radiation. The proposed near-field enhanced thermionic energy conversion (NETEC) system is uniquely configured with a low-bandgap semiconductor cathode separated from a thermal emitter with a subwavelength gap distance, such that a significant amount of electrons can be photoexcited by near-field thermal radiation to contribute to the enhancement of thermionic current density. We theoretically demonstrate that the NETEC system can generate electric power at a significantly lower temperature than the standard thermionic generator, and the energy conversion efficiency can exceed 40%. The obtained results reveal that near-field photoexcitation can enhance the thermionic power output by more than 10 times, making this hybrid system attractive for renewable energy recycling.
Introduction
The current average global energy demand is approximately 14 TW, and is expected to double by 2050 [1] . When considering that more than 80% of energy generation relies on fossil fuels, the unstable prices of these energy sources and increasing carbon dioxide emission pose a grave threat to the global economy and environment. It is imperative to develop carbon-free, high-efficiency and low-cost renewable energy harvesting technologies. In particular, recycling energy from waste heat may present a great opportunity for energy conservation, as about 20-50% of energy consumption is being lost to heat in a wide temperature range from lower than 500 K to above 1500 K [2] .
As a novel approach to directly convert heat to electricity, near-field thermal radiation has been implemented to thermophotovoltaic (TPV) energy conversion [3] . Previous studies have found that thermal radiation can exceed the blackbody limit by several orders of magnitude when objects are separated by a sub-wavelength vacuum gap distance [4] [5] [6] [7] [8] [9] [10] [11] [12] . Near-field thermophotovoltaic (NTPV) energy conversion makes use of the near-field enhancement of thermal radiation by placing a low-bandgap photovoltaic cell (or TPV cell) in the near-field of a thermal emitter [13] [14] [15] [16] . For example when a In 0.18 Ga 0.82 Sb TPV cell is tens of nanometers away from a tungsten thermal emitter at 2000 K, the TPV cell can generate electric power in the order of 10 W/cm 2 , which is 20 to 30 times larger than the far-field TPV operating at the same temperature [14, 16] . The estimated efficiency of the NTPV system is about 20%, which is better than other solid-state energy conversion devices, such as thermionic (<∼13%) [17] and thermoelectric (<∼15%) [18] generators. However, the experimental validation of NTPV power generation is not fully convincing yet, mainly due to challenges in realizing a near-field gap distance between a TPV cell and a high-temperature thermal emitter at 1000 K or higher. Although significant progresses have been made in the experimental investigation of near-field thermal radiation between plane structures [19] [20] [21] [22] , experiments have yet to meet the required operating conditions of a NTPV system. For example, one recent work could measure near-field thermal radiation between planar structures having a sub-100nm gap distance, but the measurement was conducted for a 48µm×48µm sample area under the temperature difference of 2 K [22] . Another challenging issue of the NTPV system is the effective thermal management of the TPV cell when it is in the near-field of a high-temperature thermal emitter. Since a TPV cell is essentially a low-bandgap photovoltaic cell, overheating of the cell by significant heat transfer across the nanoscale gap, including parasitic heat conduction through spacers, may lead to the serious deterioration of its performance. Intensive cooling of the TPV cell is strongly required, often demanding high heat transfer coefficients in the range of ∼10 3 -10 4 W/m 2 -K depending on the heat source temperature [16, 23] . This article presents an alternative way of exploiting near-field thermal radiation for renewable energy harvesting. In particular, we propose nearfield enhanced thermionic energy conversion (NETEC) to generate electricity directly from moderate to high temperature heat sources (i.e., 800 K< T <1600 K). Conventional thermionic energy conversion generates electricity by collecting electrons that are thermally emitted over the potential energy barrier (i.e., work function) of a hot cathode [24] . However, thermionic converters have not been widely implemented due to their general requirement of high cathode temperatures (i.e., >1500 K) and a low conversion efficiency below ∼15%, even at such high temperatures. As a novel technology to circumvent these challenges, photon-enhanced thermionic emission has been recently proposed and received keen attention [25] [26] [27] [28] [29] [30] . In photon-enhanced thermionic emission, a p-type semiconductor cathode is illuminated by highintensity light to make use of photon energy absorption for thermionic emission. Photoexcitation of electrons by above-bandgap photon energy increases the electron concentration in the conduction band. In addition, excess photon energy above the bandgap is converted to heat through thermalization, contributing to the thermal excitation of electrons. The absorption of subbandgap photon energy due to impurities or lattice vibrations is another heat source to the cathode. Since the broad band of the photon energy absorbed by the cathode is used for thermionic power generation, photon-enhanced thermionic energy conversion has a significantly higher efficiency than conventional thermionic energy conversion: for example, when ×1000 concentrated solar radiation is used as a light source, photon-enhanced thermionic emission can yield the efficiencies exceeding 40% below a cathode temperature of 1000 K [25, 26] . However, photon-enhanced thermionic emission has not been considered for waste heat recovery to date mainly owing to the low energy density of thermal radiation emitted from a waste heat source. In this article, we address this challenge by combining near-field thermal radiation with photon-enhanced thermionic energy conversion, ultimately realizing photo-thermionic energy conversion for renewable energy recycling. The feasibility of the proposed NETEC system is theoretically demonstrated by calculating its power output and energy conversion efficiency. The details of the theoretical background, modeling and computation results and discussion will be described in the following sections. Figure 1(a) illustrates the configuration of the NETEC system, which has a p-doped low-bandgap semiconductor cathode separated from a metallic anode with a vacuum gap. The unique feature of the NETEC is a subwavelength gap distance between the cathode and a heat source (thermal emitter) to allow near-field radiative energy transfer between them. We hypothesize that this near-field thermal radiation can photoexcite a significant amount of electrons to the cathode conduction band if the cathode is made of a p-doped low-bandgap semiconductor, such as InSb (E g =0.17 eV), GaSb (0.726 eV) or InAs (0.354 eV), where E g is the bandgap energy [31] . Figure 1(b) demonstrates the energy diagram of the NETEC process. The Fermi level of a p-doped semiconductor is lower than the intrinsic level and can be expressed as,
Modeling
where k B is the Boltzmann constant, T C is the cathode temperature, n p is the doping concentration, and
are the effective densities of states in the conduction and valence bands, respectively, where m * n (m * p ) is the effective mass of electron (hole) carriers and = h/2π is the reduced Planck constant. For the present study, we chose In 0.53 Ga 0. 47 As doped with beryllium (Be) at n p = 2.4 × 10 18 cm −3 as a cathode material due to its low bandgap (E g =0.74 eV at 300 K) and high melting point (∼1400 K) [31] . For In 0.53 Ga 0. 47 As, m * n = 0.041m e and m * p = 0.45m e , where m e is the electron mass. We also took into account the temperature-dependence of E g to adequately model the electric behavior of the cathode at high temperatures [31, 32] . The thickness of the cathode for this study is set to be 1.5 µm, which is thick enough to absorb the incident thermal radiation and is comparable to the electron diffusion length (∼ 3 µm) in p-doped In 0.53 Ga 0.47 As [33] . When the cathode absorbs thermal radiation above the bandgap energy, the electron distribution in the conduction band is perturbed from the equilibrium state due to photoexcitation. This perturbation can be described by adjusting the Fermi level for the quasi thermal equilibrium state. The quasi-Fermi level for the conduction band can be written as [24] ,
where n is the electron concentration in the conduction band under photoexcitation, and n eq = N C exp −(E g − E F )/k B T C is the electron concentration in the conduction band at equilibrium. Here we assume that the energy level of the valance band is equal to zero (E V =0). Equation (2) clearly indicates that the quasi-Fermi level is directly influenced by photoexcitation: the incoming photon energy increases the number of electrons in the conduction band of the cathode and, as a consequence, raises the quasi-Fermi level when the cathode temperature is at T C . While the calculation of n eq is straightforward, the concentration of electrons in the conduction band upon photoexcitation, n, should be determined by considering the balance between the photoexcitation rate of electrons due to near-field radiation (Γ NF ), the recombination rate (Γ R ), and the net thermionic emission rate of electrons from the cathode to the anode (Γ net ):
The near-field photoexcitation rate can be obtained from the formulation of near-field thermal radiation above the bandgap of the cathode, i.e.,
where d c is the cathode thickness and ω is the angular frequency. The near-field radiative heat flux at a certain point of the cathode can be obtained using the z -component of the time-averaged Poynting vector that is formulated by fluctuational electrodynamics [12, 14] :
where k 0 = ω/c 0 is the wavevector in vacuum, ε E is the imaginary component of the thermal emitter's dielectric function, and Θ(ω,
is the mean energy of the Planck oscillator. The electric dyadic Green's function, G e ij (x, x , ω) in tensor notation, denotes the electric field at point x due to the current source at x , and G h ij is the tensor notation of the magnetic dyadic Green's function, which is defined as G h = ∇ × G e for non-magnetic materials. The detailed formulation of dyadic Green's functions for a multilayered structure can be found in previous works [12, 14] and will not be repeated here. The superscript * denotes the complex conjugate, and the subscript j denotes the state of polarization of the source, which may involve a summation over the three orthogonal components.
The recombination rateΓ R is determined by considering the near-field radiative recombination (Γ R,NF ), Auger recombination (Γ Aug ), Shockley-ReadHall (SRH) recombination (Γ SRH ), and surface recombination (Γ Surf ) mechanisms:Γ
The near-field radiative recombination rate is calculated by assuming that near-field thermal radiation from the cathode to the emitter is originated from the recombination of above-bandgap electrons in the cathode [16, 34, 35] . The near-field radiative recombination rate,Γ R,NF , can be written aṡ
where S −z (T C , ω, 0) denotes the z-component of the time-averaged Poynting vector emitted from the cathode and received by thermal emitter interface at z = 0. While S −z (T C , ω, 0) can be calculated using Eq. (4), T C should be used to calculate the mean energy of the Planck oscillator and a different form of the dyadic Green's function should be implemented to switch the source and receiver layers [12, 14] . The coefficient (np/n eq p eq − 1), where p is the hole concentration in the conduction band under photoexcitation and
is the hole concentration at equilibrium, is multiplied to consider the increase of the electron-hole pair recombination rate due to the splitting of quasi-Fermi levels upon photoexcitation [36] . In addition, a portion of photons emitted due to radiative recombination are re-absorbed within the material and regenerate electron-hole pairs. This photon recycling is also taken into account by defining the photon-recycling coefficient C PR . In the present work, we assumed C PR to be 0.1 by following previous works [16, [37] [38] [39] . Another electron recycling process may occur at the cathode interface when a portion of the emitted electrons are reflected back from the anode and reach the cathode conduction band, contributing to the increase of the thermionic power output and the efficiency [40] . However, the present study assumes that all the reflected electrons are lost due to surface recombination at the surface of the cathode. The Auger recombination rate can be calculated from the following equation:
where τ Aug is the Auger lifetime. For a p-type material under high injection, τ Aug is expressed as
, where C n and C p are the Auger recombination coefficients for electrons and holes, respectively, and set to be C n = C p = 8.1 × 10 −29 cm 6 /s by following Ref. [42] . The SRH recombination rate is also estimated based on the assumption that defect-induced traps are located at the intrinsic energy level, which yields the following equation:
where τ n(p) is the SRH lifetime of electrons (holes). For the present study, both τ n and τ p were set to be 47.36 µm [42] . Finally, the effect of surface recombination is considered by calculating the recombination rate occurring at the surface of the cathode,
where q is the elementary charge and S is the effective surface recombination velocity of electrons at the interface. For the present study, S was assumed to be 10 4 m/s [27] . The contribution of each recombination rate to the overall recombination rate is discussed in details in the Supplementary Material: see Fig. S1 .
The net thermionic emission rate of electrons can be calculated byΓ net = (J C − J A ) /qd c , where J C(A) is the current density emitted from the cathode (anode). The thermionic current density from the cathode is written as
, where χ C is the electron affinity of the cathode, v n is the electron velocity perpendicular to the cathode surface, g(E) is the electron density of states, and f (E) is the Fermi-Dirac distribution [24] . By assuming that the distribution of electrons above the electron affinity is approximated with a parabolic density of states and classical MaxwellBoltzmann statistics, the thermionic current density of the cathode can be simplified as [25] ,
where A * = 4πqm * n k 2 B /h 3 is the material-specific Richardson-Dushman constant [43] , and φ C is the work function of the cathode. The derivation of Eq. (10) is described in the Supplementary Material. As illustrated in Fig.  1(b) , the work function can be correlated with the electron affinity χ as φ = χ + E g − E F . Equation (10) suggests that near-field illumination on the p-doped semiconductor lowers the energy barrier for electron emission by the difference between the quasi-Fermi level and the Fermi level at equilibrium, resulting in an exponential increase in cathode current density. If the cathode is not exposed to near-field radiation, Eq. (10) is reduced to the standard thermionic current density equation, i.e.,
The same equation can be used to describe the thermionic current density from the anode by
, where T A and φ A are the temperature and the work function of the anode, respectively, and A * should be determined based on the anode material.
Along with the concentration of electrons in the conduction band of the cathode under the illumination of near-field thermal radiation, another key parameter in the performance analysis of the NETEC system is the cathode temperature. To this end, the energy balance within the cathode should be carefully analyzed. Under the assumption that the cathode has a uniform temperature due to its small thickness (i.e., 1.5 µm), the energy balance of the cathode can be written aṡ
Here,Q i→j denotes the radiative heat flux emitted from i and absorbed in j, where subscripts i and j can be E, C, and A indicating the emitter, cathode, and anode, respectively. For example,Q E→C is the near-field radiative heat flux emitted from the thermal emitter and absorbed by the cathode, which can be calculated byQ
Similarly,Q C→E can be calculated byQ C→E = ω≥Eg S −z (T C , ω, 0)dω based on the reciprocity, as described in Eq. (6), andQ C→A the same way by considering the cathode as a source layer and the anode as an absorbing medium. However,Q A→C is ignored due to the relatively small thermal radiation from the anode at its low temperature. (J C − J A )φ C indicates the electric energy that is taken from the cathode due to thermionic emission. Finally, the kinetic energy carried away by the electrons emitted from either the cathode or anode is taken into account by the last term [24, 26] . By solving Eqs. (3) and (11) simultaneously, we can obtain the cathode temperature (T C ) and the total electron concentration in the conduction band (n). Consequently, the current density of the cathode can be calculated from Eq. (10). Figure 2 shows the ideal current-voltage characteristics and the corresponding power generation of the NETEC system for different electron affinities of the cathode (In 0.53 Ga 0.47 As) when tungsten is used as a broadband thermal emitter. For the calculation, the emitter temperature (T E ) was set to be 1200 K, while the anode temperature (T A ) was 300 K. The vacuum gap distance between the emitter and the cathode was 100nm, and the work function of the anode (φ A ) was set to 0.7 eV. As shown in Fig.2(a) , the J-V characteristic curves of the NETEC system are similar to those of standard thermionic emission with two distinctive regimes [24] . When the operating voltage is smaller than the difference between the cathode and anode work functions (i.e., qV op ≤ ∆φ, where ∆φ = φ C − φ A ), the cathode current density is fully saturated to have a flat band. However, as the operating voltage further increases above the flat-band condition (i.e., qV op > ∆φ), the current density exponentially decays because qV op increases the energy barrier against electron emission from the cathode: see Fig. 1(b) . This characteristic can be better understood by rewriting Eq.(10) in the following form [24, 26] :
Results and Discussion
where v n = (k B T C /2πm * e ) 1/2 is the average electron velocity perpendicular to the surface. Equation (12) suggests that the near-field enhanced photoexcitation of electrons should have a direct impact to the thermionic current density by increasing electron concentration in the conduction band of the cathode. In addition, the current density increases as the thermal energy of the cathode (k B T C ) increases or the electron affinity of the cathode (χ C ) decreases. This inverse relation between χ C and J C can be confirmed in Fig.2(a) for χ C bigger than 1.0 eV. However, the flat-band current density begins to decrease when χ C is below 0.8 eV. We believe that this unique feature is the result of the competing effect of χ C to the cathode current density and the cathode temperature: while lowering the electron affinity increases the electron emission rate from the cathode, too low electron affinity may reduce the temperature of the cathode as a result of energy balance, which adversely affects the current density. Moreover, low cathode electron affinities may also increase the reverse current flow from the anode, which reduces the net current density of the NETEC system. More details about the effect of the electron affinity to the cathode temperature will be discussed in Fig.  4(c) .
The power density of the NETEC system can be calculated using P NETEC = (J C − J A )∆φ/q, which is in fact the maximum power that the NETEC system can produce at qV op = ∆φ for a given electron affinity of the cathode [24] . Figure 2(b) shows the change of P NETEC for different electron affinities, demonstrating that there should be an optimum cathode electron affinity that maximizes P NETEC for a given operational condition: for example, P NETEC in Fig. 2(b) becomes maximum at 0.45 W/cm 2 at χ C = 0.96 eV, which corresponds to V op = 0.68V. Previous studies have demonstrated that the work function, or more specifically the electron affinity of a material can be manipulated by applying surface coatings [44] . Alkali or alkali-earth metals, mostly cesium (Cs), have been widely used to lower the work function of a material. For example, cesiated tungsten has a much lower work function (∼1.7 eV) than that of pure tungsten (∼4.5 eV) [45] , and even can be lowered to ∼1 eV by interacting cesium and oxygen on tungsten [46] . Besides tungsten, other materials also have been examined in efforts to achieve a low work function. Yi et al. [47] found that depositing a subnanometer Al layer onto a multilayered graphene film could reduce the work function from 4.40 eV to ∼3.77 eV. Several research groups demonstrated that the electron affinity of semiconductors, such as GaAs and Si, can be manipulated over a wide range, even producing negative affinities, with cesium deposition [25, [48] [49] [50] [51] . Cesium coating is not the only way to control the electron affinity. It has been shown that co-adsorption of oxygen and potassium on a Si surface can also lower the work function by 0.7 eV [52] . Figure 3 demonstrates the near-field enhancement of thermionic power generation by comparing the power densities of NETEC and conventional thermionic energy conversion (TEC) systems operating at the same heat source and anode temperatures. For computation, we assume that both systems have a In 0.53 Ga 0. 47 As cathode with χ C = 0.8 eV and a tungsten anode with φ A = 0.7 eV maintained at 300 K. However, the hot sides of the two systems have different configurations: the NETEC system has a tungsten thermal emitter to allow near-field thermal radiation to the cathode across a 100-nm gap while the TEC system has the cathode directly attached to the source to allow thermionic emission only. At low source temperatures below 800 K, only a small portion of electrons would be able to overcome the work function of the cathode due to low electron velocities obtained from cathode's thermal energy. The near-field enhancement of thermionic emission becomes prominent in the heat source temperature range of 800 K < T E < 1600 K. In this range, photoexcited electrons are redistributed through thermalization to have orders of magnitude more electrons above the electron affinity of the cathode. For example, when the source temperature is 1200 K, the power generation obtained from the NETEC system (P NETEC = 0.314 W/cm 2 ) exceeds that of the TEC system (P TEC = 0.013 W/cm
2 ) operating at the same source temperature by more than 20 times. However, the TEC system generates more electric power than the NETEC as the source temperature further increases over >∼1600 K. This trend can be better understood by observing the cathode temperature of the NETEC system as a function of the source (or thermal emitter) temperature. As shown in Fig. 4(a) for χ C =0.8 eV, the cathode temperature of the NETEC system is almost flat at around 800 K while the source temperature increases to 1500 K, indicating that the most of near-field thermal radiation increased by higher emitter temperatures is used to photoexcite more electrons instead of heating the cathode. Therefore, the increase of the NETEC power generation at higher source temperatures is mainly owing to the increase of photoexcited electrons rather than the increase of thermal energy, which ultimately leads to less electrical power generation than when using the heat source purely for thermionic power generation. This observation reveals that the NETEC power generation can lower a source temperature required for thermionic energy conversion.
We also compared the NETEC system with the near-field thermophotovoltaic (NTPV) system that was configured with a tungsten thermal emitter separated from a In 0.53 Ga 0.47 As TPV cell by a 100 nm gap distance, following the configurations used in Refs. [14, 16] . The thermal emitter temperature is 1500 K and the backside of the TPV cell is exposed to a cooling fluid at 300 K with the convection heat transfer coefficient of 10 3 W/m 2 -K [53] . By considering surface recombination as the only recombination mechanism, the NTPV system generates electrical power of 0.92 W/cm 2 , which is about 1.7 times smaller than that of the NETEC system (P NETEC = 1.57 W/cm 2 ) under the same thermodynamic conditions. Although a higher power could be generated in the NTPV system by further cooling the TPV cell with a higher convection heat transfer coefficient (e.g., 2.1 W/cm 2 when using 10 4 W/m 2 -K), it may need a phase change cooling scheme that would add more complexities to the system operation.
To better understand the performance of the NETEC system, we have calculated the cathode temperature and the power density as a function of emitter temperature and cathode electron affinity. For this calculation, the emitter-cathode gap distance is set to be 100 nm, and the work function of the anode is 0.7 eV. Figure 4(a) demonstrates that the the cathode temperature increases with the increasing emitter temperature, but with a much smaller slope, i.e., ∂T C /∂T E , at higher emitter temperatures. As discussed in Fig. 3 , this trend indicates that the increase of near-field thermal radiation at higher emitter temperatures is dominantly used to photoexcite electrons to the conduction band of the cathode. Therefore, the increase of NETEC power generation shown in Fig. 4(b) is owing to the contribution of nearfield enhanced photoexcitation rather than the thermal effect. However, the effect of the emitter temperature onto the NETEC power output is complicated, depending on the the electron affinity of the cathode, χ C . The effect of χ C on the cathode temperature and the NETEC power generation is more clearly shown in Figs. 4(c) and (d). Since the electron affinity represents the binding energy of electrons at the semiconductor-vacuum interface, the increasing electron affinity of the cathode raises the cathode temperature, ultimately making it very close to the emitter temperature. Once the cathode is in thermal equilibrium with the emitter, there should be no near-field thermal radiation between them. As a result, the NETEC power generation rapidly decreases as χ C increases particularly at low emitter temperatures: see Fig. 4(d) . In this χ C range, power generation is solely due to thermionic (or thermal) contribution. While not shown clearly in the log scale, it should be noted that there is an optimal χ C value maximizing the NETEC power at each emitter temperature: see the dashed curve in the figure. As discussed in Fig.2(b) , although a small electron affinity of the cathode is desired to promote the cathode current density, too small affinities decreases the cathode temperature while increasing the inverse current flow, both of which adversely affect NETEC power generation.
As mentioned in the introduction, the ideal energy conversion efficiency of photon-enhanced thermionic emission has been predicted to be above 50% [25] , and even when loss mechanisms are considered, the efficiency is still in the range of 30-40% [26] [27] [28] . For the case of NETEC system, its energy conversion efficiency should be defined as the ratio of the electrical power output, P NETEC , to the heat input to the NETEC system, or near-field thermal radiation absorbed by the cathode, Q E→C : Figure 5 shows the efficiency of the NETEC system for different emitter temperatures, T E , and cathode electron affinities, χ C , respectively. The predicted NETEC efficiency is in between 30-40% for practical T E and χ C ranges, which is similar to the aforementioned efficiency range of photon-enhanced thermionic emission and much higher than that of near-field thermophotovoltaics. The main reason of such high efficiency for the NETEC system can be found from the effective use of excessive photon energy through thermalization. At χ C = 0.8 eV in Fig. 5(a) , the system efficiency rapidly increases with the increasing emitter temperature (and consequently the cathode temperature) up to 1000 K. In this region, near-field thermal radiation directly impact the photoexcitation of electrons to generate more electric power. However, further increase of the emitter temperature above 1000 K does not increase but rather slightly decreases the efficiency. As the emitter temperature increases, the work function of the cathode (i.e., φ C = χ C + E g − E F ) becomes smaller due to the adverse temperature dependence of the energy bandgap [24] . The decrease of ∆φ slows down the increasing rate of P NETEC as the emitter temperature keeps increasing, which ultimately lowers the efficiency. Similar patterns are observed for higher χ C values with the shift of curves towards higher emitter temperatures. In Fig.  5(b) , the system efficiency also shows a increasing and decreasing pattern as the cathode electron affinity increases We believe that this behavior in general follows that of the NETEC power generation shown in Fig. 4(d) . However, it should be noted that the optimal χ C values for the best system efficiency are not identical to those for the maximum power generation. This deviation comes from the effect of the cathode electron affinity onto Q E→C . At the same emitter temperature, higher electron affinities causes more thermalization-induced heating of the cathode, which narrows the energy bandgap of the cathode to increase more absorption of near-field thermal radiation (i.e., Q E→C ) in turn. As a result, the efficiency becomes maximum at a slightly lower χ C than power output, and more rapidly decreases as χ C further increases. This comparison suggests that the electron affinity of the cathode should be carefully determined based on the temperature of a heat source, and more attention should be paid to the system efficiency. The near-field effect on the NETEC is well described in Fig. 6 that shows the emitter-cathode gap dependence of its power output and efficiency. For calculation, we assumed T E = 1500 K for a tungsten thermal emitter, and the electron affinity of the cathode and the work function of the anode were set to χ C = 0.8 eV and φ A = 0.7 eV, respectively. The overall gap-dependence of the NETEC power output follows a similar trend as near-field thermal radiation [14] . As the gap distance decreases, net radiative heat transfer from the emitter to the cathode increases by several orders of magnitude, leading to a significant enhancement in the cathode temperature and the NETEC power generation. As the gap decreases from 500nm to 10 nm, for example, power generation increases from 0.12 W/cm 2 to 7.34 W/cm 2 to achieve more than 61 fold enhancement. However, when the gap is above 500nm, the near-field effect phases out with fringes due to the interference of far-field electromagnetic waves in the emitter-cathode vacuum gap. The interference effect is more prominent in the efficiency curve when the gap distance is larger than 400nm. For the gap distance below 400nm, the efficiency decreases monotonically from ∼43% at d g =400 nm to ∼35% at d g =10 nm. In such small gap distances, the penetration depth of near-field thermal radiation is restricted to near the top surface of the cathode [14] . Photoexcited electrons have more probabilities to be recombined before they diffusively travel to the bottom surface of the cathode. A thinner cathode may resolve the efficiency degradation and even further increase the NETEC power output. Nevertheless, it should be noted that the lowest NETEC efficiency is still ∼34%, which is much higher than other solid-state energy conversion techniques.
Although the proposed NETEC presents a novel way to make use of near-field thermal radiation for energy conversion with a unprecedentedly high energy conversion efficiency and enhanced power output, it should be noted that our model has been developed based on ideal assumptions to demonstrate the feasibility of the proposed concept. We have not considered potential challenges in realizing the NETEC system, such as the buildup of space charges between the cathode and anode and the lack of understanding on the thermal stability of cesiated low-bandgap semiconductors at high temperatures. Space charges between electrodes can decrease the output power and efficiency of the thermionic energy conversion due to the repelling between the electrons traversing the gap between the cathode and anode [54] [55] [56] . To mitigate the space charge buildup issue in thermionic systems, previous studies have proposed a triode configuration, instead of a simple diode configuration, in which space charge clouds can be diminished by inserting a positively charged gate electrode in the cathode-anode space and applying longitudinal magnetic fields across the electrodes [55, 56] . We believe that the same scheme can be adopted to the NETEC system with slight modification to resolve the space charge buildup. Another challenge about the NETEC system is the lack of understanding on the thermal stability of low-bandgap semiconductors at high temperatures. Although we have chosen In 0.53 Ga 0. 47 As as a cathode material for this study due to its low energy bandgap (0.74 eV) and high melting temperature (∼1400 K), hightemperature behaviors of this material and III-IV compounds in general still remain in question. Moreover, cesium-coated surfaces may become unstable at high temperatures by evaporating excessive cesium ions (Cs + ), leading to the unstable electron affinity of the cathode [46, 57, 58] . Several groups have investigated the thermophysical properties of InGaAs alloys for various compositions up to the temperature of ∼1500 K and found no phase change or peculiar material behaviors at high temperatures. However, there is still lack of solid discussion regarding the high-temperature stability and change of electrical properties of InGaAs [59] [60] [61] . The spatial distribution of photogenerated electrons and recombination processes, the effect of junctions and realistic contacts also need to be considered in a future work for a more comprehensive understanding of the NETEC system. Despite these challenges, however, we strongly believe that the NETEC opens a new direction of using near-field thermal radiation for renewable energy harvesting and recycling that may overcome the current challenges of near-field thermophotovoltaics.
Conclusion
In this article we have proposed a hybrid energy conversion system that combines near-field thermal radiation with thermionic emission. The proposed near-field enhanced thermionic energy conversion (NETEC) system makes use of near-field enhanced photoexcitation as well as thermal excitation of electrons in a low-bandgap semiconductor cathode to enhance the thermionic current density. We have demonstrated the remarkable enhancement in power output and efficiency achievable by the NETEC system. Moreover, near-field enhanced photoexcitation allows the operation of the NETEC system at much lower temperatures than the conventional thermionic energy conversion system. From the obtained results presented here, the concept of harvesting near-field thermal radiation through combined photovoltaic/thermal processes can provide a highly attractive way of recycling waste heat.
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